The current trend of depletion of natural resources due to an ever-increasing number of consumer goods manufactured has led to an increase in the quantity ofused and outdated products discarded. From an environmental point ofview, it is not only desirable to disassemble, reuse, remanufacture and/or recycle the discarded products, in many cases it can also be economically justified. This situation being the motive, in recent years there have been several studies reported on disassembly, remanufacturing and/or recycling environments. Since "environmentally conscious manufacturing" is a relatively new concept that brings new costs and profits into consideration, its analysis cannot be provided by readily available techniques. This paper presents a quantitative methodology to determine the allowable tolerance limits of planned/unplanned inventory in a remanufacturing supply chain environment based on the decision-maker's unique preferences. To this end, an integer goal-programming model that provides a unique solution for the allowable inventoiy level is presented. The objective of the supply-chain model is to determine the number of a variety of components to be kept in the inventoiy while economically fulfilling the demand of a multitude of components, and yet have an environmentally benign policy of minimizing waste generation. A numerical example is presented to illustrate the methodology.
INTRODUCTION
The awareness of the environmentally conscious manufacturing concept has led companies to look at their products and manufacturing processes in a whole new light Companies have begun to look for ways of minimizing waste generation and preserve natural resources as well design their products for the environment'1 . The current trend among the customers is to favor "green" products, which has further motivated companies to produce environmentally friendly products. However, ntpid technological improvements have induced a change in customers' behavior. Today's customers require new products even though the current ones are still capable of performing all the required tasks. This phenomenon, especially with the electronics products, has lead to incredibly short products' lives which, in turn, lead to environmental detriment because of the ensuing frequent turnover. Thus, the importance of end-of-life (EOL) processing ofproducts cannot be overemphasized.
Among the desirable alternatives for EOL processing of products are remanulacturing, reusing and recycling. Although disposal and incineration are also possible BOL alternatives, they should be kept to a minimum. In order to remanufacture, reuse or recycle, often the product has to be disassembled first. Disassembly is the process of systematic removal of desirable constituents from the original assembly so that there is no impairment to any useful component Disassembly can be partial (product not fully disassembled) or complete (product fully disassembled). In addition, disassembly can be destructive (focusing on materials rather than components recovery) or non-destructive (focusing on components rather than materials recovery). Since the process of disassembly is complex as well as labor-intensive, it tends to be very expensive. Thus, obtaining an efficient disassembly schedule is crucial for the economical justification of disassembly.
*Coffespondence: e-mail: gupta),neu.edu; URL: http:llwww.coe.neu.eduiLsmgupta/ Phone: (617)-373-4846; Fax: (617)- In this paper, we limit ourselves to partial and non-destructive disassembly in order to retrieve components and/or subassemblies to be reused in remanulacturing of a product. We present a preemptive integer goal programming model for the disassembly-to-order process so as to achieve various economical, physical and environmental goals that are simultaneously satisfied, based on the prescribed aspiration levels set forth by the decision-maker.
LITERATURE REVIEW
Several studies have recently emerged in the literature that address disassembly and environmentally conscious manufacturing. These studies can broadly be classified into three categories, viz., disassembly scheduling, disassembly process planning and mathematical modeling techniques to optimize the financial and environmental aspects of disassembly.
Gupta and Taleb3 proposed an algorithm for scheduling the disassembly of a discrete, well-defined product structure. The principle surrounding the disassembly scheduling of a product into components is somewhat similar to Material Requirements Planning (MRP). The algorithm determines the disassembly schedule for the components such that the demands for those components are satisfied. In their subsequent papers, Taleb et al.° and Taleb and Gupta9 improved the methodology to include components/materials conunonality as well as the disassembly of multiple product structures. Recently, Veerakamolmal and Gupta'3' 14 proposed methods that provide solutions for component recovery planning. The authors determined the number and type of products to disassemble in order to satisfy the demand for a set of components while minimizing the disassembly and disposal costs. Lye et al. 7 proposed an algorithm to determine the minimum total servicing cost for a product network based on Floyd's shortest path algorithm. Although, the study takes the precedence relationships and faulty components into account and provides the user with multiple solution methods, it does not address the problem of component commonality and partial disassembly.
Veerakamolmal et al.12 applied planning and sequencing techniques to create an efficient disassembly plan by taking advantage ofthe product modularity, which minimizes the total processing time and thus the cost of disassembly. Gungor and Gupta' presented a methodology for generating a near optimum disassembly sequence plan.
Several authors have applied mathematical programming in the area of disassembly and recycling. Isaacs and Gupta6 investigated the impact of automobile design on disposal strategies by using goal progranuning to solve the problem. Hoshino et al. 4 used a goal programming model to analyze the profitability and recycling rates for manufacturing systems. See Moyer and Gupta8, and Gungor and Gupta2, for additional literature review on disassembly and product recovery.
PROBLEM STATEMENT AND FORMULATION
This paper examines a disassembly-to-order system so as to fulfill the demand for used components and/or subassemblies in order to remanufacture products using these disassembled items. A variety of products are obtained from the last users and/or collectors and disassembled to meet the demand. Any demanded item that is not used in the current period may be sold to the remanufacturer who stores it in inventory for use in the subsequent periods provided there is space to do so and the shelf lives of the items have not expired. Remaining items are either recycled or disposed of Note that each product may have multiple components ofthe same type and might exhibit component commonality within and between product structures.
We present an integer goal-progranmung model to determine the number and type of products to be disassembled in order to fulfill a set of demand constraints while satisfying the predetermined cost/profit, physical and environmental goals. The cost functions included in the model are the total disassembly cost (TPC), the total recycling cost (TRC), the total inventory cost (TIC) and the total disposal cost (TDC). The revenue functions involved are the total resale revenue (TRR) and the total recycling revenue (TCR).
Since disassembly is a labor-intensive process, it is time consuming and costly. It is therefore imperative that we minimize the disassembly time (and hence cost). For starters, only the components demanded are disassembled unless other items have to be disassembled in order to reach the desired components. It is assumed that when a component is disassembled, only that component gets separated from the product and the residual partially disassembled product remains intact. 
TPC =
Therefore, from equations (1), (2) and (3) TPC, + TPC11 + TPC1,
Thus, in general, the total cost of disassembling all the demanded components and/or subassemblies from all products: 
(2) Note that the number of demanded components or subassemblies must be equal to the number of components retrieved in order to reachj (Figure 1 ). Similar reasoning also applies to the subsequent items (j' orj"). Thus: (7) (a.Xy+/3.R+v.
. J'+Sjs . W)]/(Q11).
3.1.
Preemptive Integer Goal Programming Model
The preemptive integer goal progranuning (GP) is performed in several steps in order to fuffill the prescribed goals. The first goal always aims to satisfy the hard constraints. Subsequent steps try to address the other goals, one at a time, in order of their relative importance. Examples of the goals that we would be of interest to us include maximizing the recycling revenue (TCR), minimizing the total disposal cost (TDC), minimizing the total inventory cost (TIC) and maximizing the profit from resale (PR). Other goals of interest include minimizing the number of items stored (NI), maximizing the number of recycled items (NRC) and minimizing the number of disposed items (ND). Different scenarios could be performed based on the decision-make?s preferences. For each goal, the desire to overachieve (minimize n,) or underachieve (minimize gj), or satisfy the target value exactly (minimize n1 + g,) is specified5. We formulate the problem described in the previous section as follows:
Find {X13} so as to
Lexicographically minimize u = {( k + g ) (n,,+1, g,+i) , (flh+2, gh+2)} The number ofproducts in the batch to be disassembled must not exceed the number of available products. Thus, {Y,}+{1}+{W1}+nk-gk={S1};foralliandj
The number and type of the components and/or subassemblies that are resold, recycled, stored and disposed of must be equal to the number and type of the components/subassemblies, which are retrieved from the products. Thus, by accounting for multiplicity:
(au. X,y})+(,8. {R})+(y. {I,})+(O,. {W,})+n -g= {(YIè Q};
The demand for every type of component must be met Thus:
{I,. X} +nk -gk = {D} ; for all j3D3 >0 and P3 E LSS (Root1)
The recycled components and/or subassemblies are subject to an upper limit. Thus:
{I, R} + nk -gk = {DR3}; for all i andj
The number of items in inventory is restricted by the allowable space for the storage. Thus, 
TS+n-gkAS
All the variables must be non-negative integers. Thus, {Y1), {X}, {R}, { J.'}, { W}, { W,}, {flk}, {g} 0 and integer; for all i,j and k.
In addition to the hard constraints presented above, the model also includes additional constraints based on four more goals. In this paper we considered two different sets of goals. The first set of goals focuses on the cost and revenue functions and addresses PRC, PR, TDC and TIC. The second set of goals mostly stresses environmental functions and addresses NRC, ND, NI and TOTAL. These goals and associated objective functions are listed below. 
PRC is the profit gained from the recycling process and can be expressed as:
TCR is the revenue of recycling process. This function is associated with the unit recycling revenue (CR1) and the number of recycled units (Ru). 26) TRC is defined as the cost of recycling process. This cost function is effected by the unit recycling cost (R) and the number of recycled units (Ru). RC3 is considered as the manpower and tooling cost for the operation. The items which are subject to recycling are selected among the components and/or subassemblies which are already disassembled and associated with higher or equal unit recycling revenue value compared with the unit recycling cost (RC,). The second term on the right hand side of the equation stands for the partial subassemblies which are subject to recycling with or without destructive and complete disassembly. TRC can be expressed as: From equation (6), the total cost of disassembling all the demanded components and/or subassemblies from all products can be expressed as:
TPC=TPC (30) ii TIC is the inventory cost based on the unit holding cost (h3) and the number of units stored (1) . Since the surplus products are also subject to storage, TIC can be formulated as: TIC= : (h1.{T,})+E TOTAL is the total profit gained from the whole disassembly process and can be expressed as the sum of two profit functions as in below: TOTAL = PRC + PR.
NUMERICAL EXAMPLE (36)
We present a numerical example to foster beUer understanding of the model. Consider two products (A and B) as shown in Figure 2 . Table 2 provides the data for the numerical example. Note that the component multiplicity variables Q12and Q25 are shown in two columns. This represents the Qvalues for the common item in the same product structure. Additional data includes: S1 = {100, 50); TC = {1O, 15}; AS = 500,000 unit. DR = {300,350,300,300,400,200,200}; h, = {9, 8); V = {9, 13}. On hand mventoiy is given as OH3 = 100, 0114 200, OH-, 100 for components/subassemblies and OH1 = 100 and OH11 = 50 for products. In order to benchmark the values for the GP model, the problem is first solved as a linear program (LP), the results of which are presented in Table 3 . The LP results also suggested that 72 units of Product I and no units of Product II should be disassembled to satisfy the demand. Table 4 presents the results for various scenarios of the Goal Programming model for Set I. Note that, for comparison purposes, the numbers in parentheses represent the values obtained in the current step for the goal, which is satisfied in the next step. Step 1*
Step 2
Step 3
Step 4 Step i_i
Step 1*
Step 4
Step As it is shown in Table 4 and Table 5 , different values for various performance measurements can be obtained by using goal programming. Depending on the decision-maker's preferences, a most suitable scenario can be chosen among these options. For example, scenario 8 in Set I can be considered for high profit ($1,845.33), low inventory cost ($2) and limited storage space (2 units) conditions. This goal, while recycling 1,304 units, provides $1,469.33 resale profit and $378 recycling profit value. The disposal cost is obtained as $1,282.67.
4.1.

Analysis of Results
Since goal programming is a useful tool in obtaining feasible solutions under different circumstances, it provides the decision-maker with a number of choices. The various results obtained from the two different sets of integer goal programming scenarios are plotted in Figures 3 and 4 . Figure 3 exhibits the goal programming results involving Set I. When the emphasis is on the economical factors rather than environmental factors, this approach is useful in obtaining the most desired disassembly process plan. For example, say, the company is interested in reducing the inventory cost because of a sudden budget limitation but also desires a higher profit from resale to protect its market share, scenario 8 should be selected as the disassembly plan. Figure 4 exhibits the goal programming results involving Set II. Under the circumstances where environmental factors rather than economical factors are emphasized by the decision-maker, this approach is useful in obtaining the most desired disassembly process plan. For example, when it is crucial to decrease the amount of waste and a high total profit is also important, scenario six could be considered appropriate, providing a 40 units of storage, which is the smallest inventory level among other similar options (scenarios 4 and 5).
Figure 4. Variation ofPerformance Measures Depending on the Order of Goals in Set II
In this paper an integer goal programming model has been presented in order to determine the most desirable disassembly process plan while satisfying various environmental, financial and physical goals. The decision for selecting the most appropriate plan is left to the decision-maker's preference by providing him/her with various feasible options. In the environmentally conscious manufacturing environment it is no longer realistic to use a single objective function since the introduction of restrictive regulations makes the decision procedure more complicated and mostly multi-objective. A multiobjective decision criterion, which is more flexible to changes in decision criteria and governmental regulations, should be used. The model presented in this paper, while fuffilling an acceptable profit level is also capable of satisfying additional goals simultaneously. This goal programming approach is especially appropriate for decision-maker centered cases.
